Colorado potato beetle (CPB) is an agricultural pest of Solanaceous crops, notorious for its rapid resistance development to chemical pesticides. Foliar spraying of dsRNA formulations is a promising innovative technology providing highly specific and environmentally acceptable option for CPB management.
INTRODUCTION
Colorado potato beetle (CPB), Leptinotarsa decemlineata, is a serious pest of potato and other Solanaceous crops. It is well known for its ability to rapidly evolve resistance to insecticides; it has already evolved resistance to all major insecticide classes (Alyokhin et al. 2008) . Extensive use of conventional insecticides can have undesirable effects on the environment, non-target organisms and human health. Compared to chemical pesticides, double-stranded RNAs (dsRNAs) have the advantage of high selectivity towards the target organism and rapid environmental degradation into non-toxic compounds (Dubelman et al. 2014; Albright et al. 2017) . Therefore, this novel pest management approach has the potential to decrease the extensive use of conventional insecticides.
When delivered into cells, dsRNAs activate the RNA interference (RNAi) mechanism that mediates a sequence-specific suppression of transcription, also called gene silencing (Joga et al. 2016) . In CPB, unlike some other insects, dsRNAs are not degraded by gut nucleases, are efficiently taken up by the gut epithelium cells, and can trigger local as well as systemic RNAi response (Cappelle et al. 2016) . This makes CPB an excellent candidate for pest management using dsRNAs, which was first recognized in a study by Baum et al. (2007) that has also identified several RNAi targets. This was followed by studies that identified novel effective target genes in CPB (Zhu et al. 2011 Zhou et al. 2013; Wan et al. 2014; Meng et al. 2015 Meng et al. , 2018 Lü et al. 2015; Fu et al. 2015 Fu et al. , 2016 Shi et al. 2016b, a; Guo et al. 2016; Xu et al. 2018) . In western corn rootworm, Hu et al. (2016) identified another target gene -mesh (alternatively named dvssj2) which encodes a smooth septate junction protein important for structural integrity of the midgut epithelium. They showed that silencing mesh impairs midgut barrier function which results in increased larval mortality (Hu et al. 2019) .
In this study, we used in vitro and in vivo synthesised dsRNA designed to silence the mesh gene in CPB. We performed laboratory-based feeding assays with CPB at different stages of larval development as well as a small-scale field trial to validate the designed dsRNA's pesticidal potential in a commercial production system.
MATERIALS AND METHODS

Quantification of mesh gene expression by qPCR
To quantify the expression levels of mesh, RNA was extracted from three to four individual larvae (three to four biological replicates), except for the study of mesh expression in CPB body parts where one pooled sample from 3-4 beetles (one biological replicate) was analysed. RNA extraction was performed using TRIzol reagent (Invitrogen) and Direct-zol RNA Microprep kit (Zymo Research). DNase treatment and reverse transcription were performed as described previously (Petek et al. 2012) . RNA concentration and integrity were validated using a NanoDrop ND-1000 spectrophotometer and agarose gel electrophoresis. The efficiency of DNase treatment was confirmed by qPCR with no RT samples.
The expression of mesh was assessed by quantitative PCR (qPCR). Mesh gene model from i5k genome version 0.5.3 (LDEC006484; Schoville et al. 2018 ) was corrected based on alternative models and mapped RNA-seq reads available in i5k's WebApollo instance ( Supplementary Figure 1 and Supplementary Data 1.1). The qPCR primers and probes were designed in Primer Express 2.3 (Applied Biosystems) using default parameters for TaqMan amplicons and were synthesised by IDT. Assay specificity was verified in silico using blastn queries against all transcripts predicted in the CPB genome (Schoville et al. 2018) . The linear ranges and amplification efficiencies were determined across five 10fold serial dilutions of cDNA. Target gene accumulation was normalised to three endogenous control genes: LdRP4 (Shi et al. 2013) , 18S rRNA (Eukaryotic 18S rRNA Endogenous Control, Applied Biosystems) and LdSmt3 (Petek et al. 2014) . Primer and probe sequences, qPCR chemistry and other assay metadata are available in Supplementary Table 1 .
FastStart Universal Probe Master Rox mastermix (Roche) was used for TaqMan chemistry based assays and Power SYBR mastermix (Applied Biosystems) for SYBR Green chemistry based assays. Dilution of cDNA samples and pipetting of qPCR reagents onto 386-well plates was performed on a Microlab STARlet automated liquid handling system (Hamilton). Reactions were performed in 5 μl total volume on LightCycler 480 (Roche) as described previously (Petek et al. 2012) . Melting curve analysis was applied for SYBR green chemistry based assays LdRP4 and LdSmt3 to control for primer dimer formation and amplification specificity in each reaction. Each sample was analysed in two replicates of two dilutions to check for the presence of inhibitors in the sample. Cq values were calculated using instrument manufacturer software and exported as text files. Amplification quality control for each sample and relative quantification based on the standard curve method was performed in quantGenius software (Baebler et al. 2017) . For every gene, the limit of quantification (LOQ) was determined from the standard curve. The normalized target copy numbers calculated by quantGenius were exported to an Excel file to calculate standard errors and Student's t-test statistics.
Design and in vitro synthesis of dsRNAs
To avoid regions with potential effect on other species due to nucleotide sequence conservation we used EMBOSS splitter (Rice et al. 2000) to generate all possible 21-mers for the CPB mesh transcript.
These 21-nt sequences were queried using BLASTn against non-target organism transcriptomes 5 including Homo sapiens, Apis mellifera, Bombus terrestris, Danaus plexippus, Drosophila melanogaster, Megachile rotundata, Nasonia vitripennis, and Tribolium castaneum. Regions of the transcripts with 20 or 21 nt BLASTn hits in non-target organisms were excluded from dsRNA design. Based on the above metrics, the longest CPB-specific region was selected as the input sequence to design a long dsRNA molecule using e-RNAi web service (Horn and Boutros 2010) using default parameters. As non-specific dsRNA control, the dsEGFP with sequence corresponding to a fragment of enhanced green fluorescent protein was used (sequences in Supplementary Data 1.2). In vitro synthesis of dsMESH and dsEGFP was performed by AgroRNA (South Korea). The quality and quantity of dsRNA was determined using agarose gel electrophoresis and NanoDrop.
In vivo synthesis of dsRNAs
To in vivo synthesise dsMESH, a 417 bp fragment of the gene was amplified by PCR from a pooled CPB midgut cDNA sample using Phusion DNA polymerase (Biolabs) and cloned into L4440gtwy (Addgene) using pCR8/GW/TOPO TA Cloning Kit (Invitrogen) to obtain MESH::L4440. The correct fragment insertion was confirmed by Sanger sequencing (Eurofins Genomics). The GFP::L4440 plasmid (Addgene), containing a full-length (857 bp) green fluorescence protein sequence insert was used to produce dsGFP. Heat-shock induced competent Escherichia coli HT115 (DE3) bacteria were transformed with MESH::L4440 and GFP::L4440, respectively. Transformation was confirmed by colony PCR using KAPA2G Robust HotStart Polymerase (Kapa Biosystems).
To produce dsRNA, cultures of transformed bacteria were grown to OD600 0.5 in 250 ml of liquid LB media. Production of dsRNAs was induced with 400 µM IPTG (Thermo Scientific). After 4 h, cells were pelleted, re-suspended in 6 ml nuclease-free water (Sigma) and lysed by boiling followed by four freezing-thawing cycles and a 15 min treatment in ultrasonic bath SONIS 4 (Iskra PIO). Bacterial lysates were centrifuged at 9000 g for 20 min and the supernatant was concentrated to 1/10 volume using GeneVac EZ-2plus (Genevac Ltd).
To estimate the quantity of dsRNA produced, total RNA was extracted from bacterial lysates using 
Laboratory feeding trials
CPBs were reared on potato plants cv. Désirée in conditions described previously (Petek et al. 2014) .
Larvae, which hatched on the same day, were reared on non-treated detached potato leaves until most larvae reached desirable treatment stage. For each feeding trial, larvae were randomly selected and assigned into treatment groups, enclosed into plastic or glass containers and reared on untreated potato foliage. DsRNA were either sprayed on detached leaves, potted whole plants, or CPB eggs, or pipetted onto freshly cut leaf disks (Table 1) . To protect detached leaves from desiccation, the petioles were placed in sterile 2 ml microcentrifuge tubes filled with 0.5% agarose gel, whereas leaf disks were placed into flat bottom 24-well plates with bottom covered by 0.5% agarose gel. After consumption of leaf disk (trials three and four, Table 1), the larvae were moved back to plastic containers and daily supplied with untreated detached potato leaves.
Nuclease-free water (Sigma) was used for blank control treatment and dilution of all dsRNAs. In all, except trial four, in vitro synthesised dsEGFP was used as non-specific dsRNA treatment control. In trial four, in vivo synthesised dsGFP sequence from GFP::L4440 plasmid (Addgene) was used instead. More details on feeding trials are given in Table 1 and Supplementary Data 1.4-8. (Therneau and Grambsch 2000) . Data analysis execution calls are given in Supplementary Data 1.9.
Field trial
A small-scale field trial was conducted in June and July 2019 on three locations near Ljubljana, Slovenia.
Two trials were performed on adjacent potato fields in Šentjakob (46°05'13.4"N 14°34'06.8"E) and one in Iška vas (45°56'28.8"N 14°30'31.0"E). The experiment was designed following EPPO guidelines (EPPO 2008) . Cultural conditions were uniform for all plots of the trial at each location and conformed to local agricultural practice. To assess the efficacy of dsMESH the only difference between treatments was the method of CPB management. Three 25 m 2 plots were marked at each location. Each plot was and replicate (1-4) on previously mentioned parameters was assessed. Further, Fisher's least significance difference (LSD) procedure at 95% confidence level was used to discriminate between the treatments within the three-trial dataset. These analyses were performed with the statistical software Statgraphics Centurion XVI (StatPoint Technologies).
RESULTS
The target gene mesh is expressed throughout all CPB developmental stages
To test whether a RNAi insecticide targeting mesh will work against all CPB's developmental stages, we profiled mesh expression trough the stages. Constitutive expression of mesh was detected in all developmental stages. Expression in the gut is highest in fourth instar larvae preceding pupation and in adults (Figure 1 and Supplementary Dataset 1) . Constitutive expression of mesh in larval and adult stages is also evident from mapped RNA-Seq data available at i5k CPB genome browser (Supplementary Figure 1A) . This expression pattern is suitable for RNAi insecticide targets as the gene is expressed in stages in which the beetles feed on plant leaves. We also showed high mesh expression
in the gut (foregut, midgut and hindgut) and very low expression in legs, head and antennae ( Supplementary Figure 3 and Supplementary Dataset 2). 
Laboratory feeding trials confirm dsMESH efficiency at different CPB life stages
To test the efficiency of dsMESH in silencing the target gene and its potential as a bioinsecticide we performed three laboratory feeding trials in which we treated CPB at different life stages (Table 1) .
Firstly, we fed 2 nd instar larvae continuously on in vitro synthesised dsRNA-sprayed potato foliage and left them to pupate and emerge as adults (trial one, Table 1 ). We confirmed silencing of mesh gene by dsMESH after 4 days of treatment. Compared to dsEGFP treatment, dsMESH reduced mesh expression by 71% (p<0.001, Supplementary Dataset 3) and larval survival at that point was 48%, 80%, and 95%
for dsMESH, dsEGFP, and water treatment, respectively ( Supplementary Figure 4 and Supplementary Dataset 4).
We also tested the effectiveness of dsMESH on 4 th instar larvae (trial two, Table 1 ), which is the final instar before pupation. We recorded adult emergence and inspected plant substrate for beetle carcasses at the end of the trial. Adult emergence rate was 11% in larvae exposed to dsMESH , which is significantly lower compared to more than 75% for dsEGFP and water treatments (p<0.01; Figure 2B and Supplementary Dataset 5). Additionally, in all three emerged adults from the dsMESH treated group we observed darkened deformed elytra (Supplementary Figure 5 ) and the beetles died within two days after emergence. In contrast, dsEGFP and water treated beetles exhibited normal phenotypes and no adult mortality. From the substrate of dsMESH treated plants, we recovered two larval and six adult carcasses (Supplementary Figure 5) whereas in substrates of dsEGFP and water treated plants we found no carcasses. Trial two thus shows that dsMESH is also effective against 4 th instar larvae.
In trial five, we tested the effectiveness of dsMESH spraying on CPB eggs. We sprayed freshly laid CPB egg masses (Supplementary Figure 6 ) and transferred 1 st instar larvae to untreated potato foliage.
Most larvae hatched three days after egg treatment. We observed no difference in larval emergence between dsMESH and control treatments. Massive larval die-off in dsMESH treated group occurred in 6-7 days old larvae (9-10 days post egg treatment, Figure 2C ). The survival of dsMESH treated 6 days old larvae was 61%, and a day later only 23%. In comparison, for both dsEGFP and water treated groups, the survival at that time point was 100% ( Figure 2C and Supplementary Dataset 8) . Only 4% of dsMESH treated larvae survived until 13 dpt, whereas 97% and 95% larvae survived in dsEGFP and water treated groups, respectively (p<0.001; Figure 2C and Supplementary Data 1.9 ). This trial shows high insecticidal efficiency of dsMESH also when sprayed on CPB eggs. 
The treatment regime does not affect the efficiency of dsRNA
We next compared the effect of the dsRNA administration approach. Contrary to the above-described feeding trials, where larvae were continuously fed with dsRNA-sprayed potato leaves, here we exposed each individual larva (2 nd instar) to the same dose of dsRNA by discontinuous administration via treated potato leaf disks (trial three and four, Table 1 ). We observed similar survival trends as the ones obtained with continuous treatment regime (trial one).
In the first leaf-disk feeding trial (trial three), we observed a substantial reduction in survival 4 dpt, reaching only 18% survival in the case of dsMESH treated larvae compared to more than 90% survival in dsEGFP and water treatments (Figure 2A, Supplementary Dataset 6) . In trial four, most substantial survival reduction was observed 5 dpt, where dsMESH treated larval survival rate was 54% compared to 100% survival in both dsGFP and water treatments (Figure 3, Supplementary Dataset 7) . In both trials, statistical analysis indicates highly significant survival reduction for dsMESH treatment (p<0.001;
Supplementary Data 1.9).
Comparison of in vivo and in vitro synthesised dsRNA efficiency
Larval survival analysis and weight measurements in trial four (Figure 3 ; Supplementary Datasets 7 and 12) show that in vivo and in vitro synthesised dsMESH are similarly effective ( Supplementary Data 1.9 ).
In addition, by testing serial dilutions of in vitro synthesised dsMESH, we showed that ingestion of as little as 6 ng of dsMESH caused more than 90% larval mortality ( Figure 3B) . No significant effect of bacterially produced dsGFP treatment on larval weight or survival was observed (Figure 3) . 
The dsMESH treatment against CPB is also efficient in the field
In order to confirm the efficacy of dsMESH as potential insecticide also under environmental conditions we treated potato plants growing in three different fields with in vitro synthesised dsMESH. Mortality rates for dsMESH treatment after 7 days were significantly higher (F2, 40=16; P<0.0001) compared to untreated plants according to ANOVA and were 93%, 84%, and 95%, in the three locations, respectively. GLM analyses showed a significant effect of factor treatment on parameters leaf damage increase (F2, 41=34, 8; P<0.0001) and insect mortality rate (F2,40=13.2; P<0.0001; Figure 4) . Factors experiment and replicate did not significantly affect the observed parameters. Spinosad acted more rapidly than dsMESH, causing on average 98% of larval mortality in just two days, whereas the average mortality rate of dsMESH treatment at that time point was 32% ( Supplementary Dataset 13) . 
DISCUSSION
We performed a systematic evaluation of applicability of an RNAi-based insecticide targeting the mesh gene (dsMESH) and validated its insecticidal action in CPB. The incentive to use this target gene came from its high expression in CPB gut in most developmental stages and the lethal phenotypes observed in Drosophila knockout mutants (Gramates et al. 2017) and Tribolium castaneum RNAi screens (Ulrich et al. 2015) . Mesh is a transmembrane protein important for proper organisation of the insect midgut septate junctions and Drosophila mesh mutants show an impaired barrier function of the midgut (Izumi et al. 2012) . Silencing mesh by RNAi in Drosophila adults, however, does not impair gut integrity but increases gut bacterial load by regulating dual oxidase expression (Xiao et al. 2017) .
Mesh was identified as effective RNAi pesticide target in western corn rootworm, Diabrotica virgifera virgifera, a close relative of CPB (Hu et al. 2016) . Our CPB feeding trials with dsMESH consistently showed high mortality rates in larvae with effective dose in the ng range, similarly as reported for corn rootworm by Hu et al. (2016) . In our first feeding trials we used 2 nd instar larvae because the first two CPB instars were described as most susceptible to RNAi . In addition, we showed that dsMESH treatment is effective against 4 th instar larvae and CPB eggs. Surprisingly, reports of insect egg treatment by spraying or soaking in dsRNA are rare and have different outcomes. Soaking Asian corn borer (Ostrinia furnalalis) eggs in pesticidal dsRNA solutions caused reduced hatching (Wang et al. 2011 ). On the contrary, in the corn earworm, Helicoverpa zea, soaking eggs in dsRNA as well as larval feeding delivery had no effect, whereas injecting eggs with same dsRNA induced RNAi and reduced egg hatching rate (Wang et al. 2018) . In our trial, spraying eggs with dsMESH did not affect egg hatching although we showed that mesh is expressed in eggs. The larval die-off six to seven days after emergence from dsMESH treated eggs leads to suggest that dsRNA was mostly taken up by neonatal larvae while feeding on eggshells.
The activity of dsRNA obtained in in vitro tests or laboratory feeding experiments might not reflect that on the field. Thus, we decided to validate our laboratory-based trial results in a field trial. The observed field mortality was slightly lower compared to laboratory trials, which is reasonable, as larval treatment on the field was not as controlled and uniform as in the laboratory. In addition, reduced dsRNA stability in the field is expected due to direct sunlight exposure and lack of formulation to improve dsRNA stability (Cagliari et al. 2019) . Compared to the wide-spectrum insecticide spinosad (Kirst 2010) , dsMESH has an inherent lag phase in observed mortality, which can be attributed to its mode of action.
The toxicity of dsRNA depends on target protein's half-life (Scott et al. 2013 ) therefore, we expected to observe lethal effects after a few days. Despite its slower activity, the final mortality and leaf damage caused by dsMESH treatment in the field trial were not statistically different to that of spinosad.
CONCLUSIONS
Although plant-incorporated protectants (transgenic plants) are the most cost-effective way of using
RNAi-based pesticide technology, their public acceptance might prove challenging, at least in European Union. Another possibility, albeit again using genetically modified organisms, is the usage of transformed insect symbionts (Whitten et al. 2016) or viruses expressing pesticidal RNA molecules (Taning et al. 2018) . Thus, dsRNAs application by non-transformative strategies, i.e. through sprayinduced gene silencing, is currently a more realistic option (Cagliari et al. 2019) . We have shown in laboratory trials as well as in the field that spraying with insecticidal dsRNA is a highly efficient strategy for managing CPB. For RNAi-recalcitrant agricultural pests, future research will have to focus on formulations to improve dsRNA stability and cellular uptake. Apart from efficiency, safety of this new pest management strategy, especially possible undesirable effects of dsRNA on non-target organisms, is an important and understudied topic .
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